INTRODUCTION
New blood vessel formation (angiogenesis) requires coordinated and sequential steps. Specifically, after the degradation of the basement membrane of capillaries or veins by specific proteases, endothelial cells sprout from the preexisting vessel, migrate directionally toward the angiogenic stimuli into the perivascular space, and then proliferate, elongating the new vessel (64) . These events are tightly regulated by stimulatory and inhibitory factors, and any failure in these control mechanisms may lead to abnormal blood vessel growth (64) .
A disease characterized by pathological blood vessel growth is Kaposi's sarcoma (KS), an angioproliferative disease particularly frequent in human immunodeficiency virus type 1 (HIV-1)-infected patients. KS generally arises on the skin of the extremities as multiple patches, plaques, or nodular lesions, but it can also involve mucosas and visceral organs (158) . A milder form of KS occurs sporadically in elderly men of the Mediterranean Eastern-European areas (classical KS) (73) or in organ transplant recipients upon immunosuppressive therapy (posttransplant KS) (136) . However, KS has gained much interest since it represents the most frequent and aggressive tumor of HIV-infected individuals (AIDS-KS), particularly homo-and bisexual men (68, 93, 153) . Another aggressive form of KS is African KS, which is endemic in subequatorial Africa (169).
In spite of their different clinical courses, the lesions of all forms of KS share a common histopathology. Specifically, early lesions (patch or plaque) appear as a granulation-type reaction infiltrated by immune cells and characterized by intense angiogenesis and proliferating spindle-shaped cells of endothelial and macrophage cell origin, which are considered to be the tumor cells of KS (KS cells [KSC] ) (145, 153, 158) . In late (nodular) lesions, KSC become the predominant cell type and lesions acquire a fibrosarcoma-like aspect, although neoangiogenesis remains always evident (145, 153, 158) .
KSC obtained from early-stage KS lesions do not show a transformed phenotype and, when injected in nude mice, do not promote the development of true tumors, but rather they induce angioproliferative lesions of mouse cell origin which closely resemble early KS lesions. Mouse, KS-like lesions as KS can sporadically regress in humans (51, 154) . In contrast, it has been reported that KSC obtained from late-stage KS show in some cases a transformed phenotype, as indicated by the acquisition of monoclonality (141) , microsatellite instability (20) , altered expression of proto-oncogenes (22, 25, 88, 102, 161) , and the capability of promoting tumor development in mice (84, 117) . These findings suggest that KS develops as a reactive process which, in time, may evolve into a true sarcoma. However, advanced KS can also be polyclonal, suggesting that transformation to a real monoclonal tumor is a sporadic event (76) . In particular, the finding that transformed KSC lines obtained from late-stage KS lesions result in tumors in SCID but not in nude mice (84, 117) suggests that KSC transformation is likely to occur only in severely immunocompromised hosts. This is consistent with the fact that microsatellite insta-bility has been observed in KSC from AIDS-KS lesions but not from classic KS lesions (20) .
Several studies indicated that a network of soluble inflammatory and angiogenic cytokines promotes KS lesion development and progression by acting both in an autocrine and paracrine fashion (Fig. 1 ). In particular, all patients with KS or at risk for KS show signs of immune activation such as increased levels in blood of intercellular adhesion molecule 1, neopterin, soluble CD8, and inflammatory cytokines, including interleukin 1 (IL-1), IL-6, tumor necrosis factor (TNF), and gamma interferon (IFN-␥) (19, 37, 47, 57, 69, 85, 86, 111, 134, 148, 149, 166, 188, 196) . In addition, high levels of inflammatory cytokines are detected in early KS lesions, which are infiltrated by numerous CD8
ϩ T cells and monocytes that precede KSC appearance (37, 57, 60, 69, 85, 111, 133, 145, 148, 166, 188, 196) .
Of interest, upon their activation by inflammatory cytokines, endothelial cells acquire the phenotypic and functional features of KSC (Fig. 1) . These include the spindle cell morphology; the expression of activation markers such as intercellular adhesion molecule 1, vascular cell adhesion molecule type 1, and e-selectin; the down-regulation of factor VIII-related antigen expression; and the production and release of angiogenic factors which, in turn, mediate the development of angioproliferative lesions in vivo (18, 51, 54, 55, 59, 60, 156, 157) .
Among the angiogenic factors expressed by KSC in vitro and in vivo, basic fibroblast growth factor (bFGF) is a key mediator of KS lesion formation since it promotes both KSC and endothelial cell locomotion and proliferation in an autocrine and paracrine manner, respectively (51, 54, 55, 197) . Injection of bFGF in mice results in the formation of KS-like lesions (54) , while bFGF antagonists that include specific antisense oligodeoxynucleotides or neutralizing antibodies block the development of angioproliferative lesions induced by primary KSC upon injection in nude mice (54, 55) .
Another angiogenic molecule expressed in vitro and in vivo by KSC is the vascular endothelial cell growth factor type A (VEGF-A) (11, 43, 157, 190) , a homodimer belonging to the VOL. 15, 2002 EXTRACELLULAR HIV-1 Tat AND AIDS-KS 311 cysteine knot family of growth factors (181) . In KS lesions, VEGF-A is responsible for edema formation and synergizes with bFGF in inducing endothelial cell growth and angiogenesis (43, 157) . However, differently from bFGF, VEGF-A has no autocrine growth effect on KSC, although, like endothelial cells, they express both VEGF-A tyrosine kinase receptors: the VEGF receptor 1, encoded by the Flt-1 gene, and the VEGF receptor 2, encoded by the Flk-1 gene (also known as the KDR gene) (43, 70, 157, 190) . In contrast, VEGF-C, another member of the VEGF family, stimulates the growth of some KSC isolates which, similarly to lymphatic endothelial cells, express the receptor for this angiogenic factor (95, 118, 192) . Altogether, these data suggest that inflammatory cytokines may behave as KS "initiating factors" since they trigger the production of angiogenic factors which, in turn, promote KS development and progression (Fig. 1) . Clinical evidence confirms that immune activation rather than immunodeficiency may play a role in lesion development. In particular, both patients with classic KS and those with African KS show evidence of CD8 ϩ T-cell activation with production of Th-1-type cytokines (19, 98) . In addition, AIDS-KS not only can arise in the absence of immune deficiency (14, 29, 112) , but it also develops in individuals showing signs of immune activation and Th-1-type cytokine production (47, 159) . Furthermore, treatment of AIDS patients with recombinant inflammatory cytokines has resulted in KS onset or progression (1, 6) . Finally, immune activation is likely to occur also in posttransplant KS in which, in spite of immune suppressive therapy, allogeneic stimulation may induce local foci of activated immune cells.
Together with increased levels of inflammatory and angiogenic cytokines, another feature common to all forms of KS is infection with human herpesvirus 8 (HHV-8) (126, 133, (175) (176) (177) . Increased HHV-8 seroprevalence occurs in populations with a high incidence of KS, and elevated anti-HHV-8 antibody titers are predictive of KS development in at-risk individuals (48, 50, 71, 94, 96, 110, 119, 146, 147, 164, 194) . However, in those countries where KS is endemic, the prevalence of HHV-8 infection is much higher than KS incidence (73, 194) , suggesting that HHV-8 acts as a cofactor in KS development. In particular, HHV-8 could be responsible for immune cell activation and inflammatory cytokine production, as observed for other herpesviruses such as Epstein-Barr virus (36) . However, high levels of inflammatory cytokines are also found in uninvolved skin of KS patients or in patients at risk for KS and prior to detection of HHV-8 in blood or tissues examined by PCR (60) .
It is noteworthy that inflammatory cytokines reactivate latent HHV-8, increasing the virus load and inducing virus spread to all blood cells ( Fig. 1) Thus, immune activation and inflammatory cytokine production initiate KS, whereas immune defects and HHV-8 escape mechanisms may be key for KS progression.
Paradoxically, the immune response against HHV-8 may even exacerbate KS progression via production of inflammatory cytokines (60, 124) . In fact, the increased inflammatory cytokines in individuals with (or at risk for) KS induce both endothelial cells and leukocytes to express adhesion molecules which mediate the adhesion of HIV-infected, HHV-8-infected, or uninfected leukocytes to the endothelium and their migration into tissues ( Fig. 1) (60, 203) . The recruitment of leukocytes in the lesion is enhanced by several chemokines (e.g., MIP1␣ and -␤, RANTES, monocyte chemotactic protein-1, IL-8, Mig, and IFN-␥-inducible protein 1) that are expressed by KSC, activated leukocytes, or endothelial cells (160) .
When HHV-8-infected leukocytes migrate to tissues, they can release virus, establishing a persistent, latent infection of KSC and endothelial cells (Fig. 1 ). These cells express viral latent gene products (23, 26, 46, (175) (176) (177) . Among them, the viral homologues of the FLICE inhibitory proteins and cyclins D may provide KSC and endothelial cells with growth and/or antiapoptotic signals (46, 115, 172, (175) (176) (177) . The long-lasting expression of these HHV-8 latency genes together with the deregulated expression of cellular oncogenes and/or oncosuppressor genes, including int-2, c-myc, bcl-2, and p53 (22, 25, 88, 102, 161) , are likely to participate in KS progression toward a real tumor. These findings suggest that the role of HHV-8 in KS pathogenesis may be more important after KS initiation. This hypothesis is supported by the fact that in early KS lesions only a small fraction of KSC is infected by HHV-8, whereas in late-stage lesions most KSC are latently infected (50) .
As mentioned above, high levels of inflammatory and angiogenic cytokines and infection by HHV-8 are present in lesions from all forms of KS (56, 60, 126, 149, 166, (175) (176) (177) . However, KS is much more frequent and aggressive in the setting of HIV-1 infection (68, 153) . This suggests that HIV itself or molecules produced during HIV infection could play a role in KS development and progression. The low incidence and the regression of AIDS-KS in individuals treated with highly active antiretroviral therapy, which lowers HIV-1 load in blood and tissues (109) , support this concept.
Although HIV can infect endothelial cells in specific anatomical regions (8, 12, 104, 105, 128, 129, 137, 184) , this does not lead to endothelial cell growth or angiogenesis; rather, it leads to endothelial cell damage and death (9, 41, 87, 104, 105, 128, 163) . Thus, a role for HIV in KS pathogenesis should be indirect. In particular, the development of dermal lesions resembling KS in transgenic mice carrying the HIV-1 tat gene (42, 187) suggested earlier that the Tat protein of HIV-1 could be the pathogenetic link between HIV-1 infection and the highly aggressive form of KS occurring in infected individuals.
Tat PROTEIN OF HIV-1: RELEASE, UPTAKE AND EXTRACELLULAR FUNCTIONS
The HIV-1 genome encodes several regulatory proteins that coordinate the expression, transport and assembly of mature viral particles that lead to virus production and transmission (10, 45, 62, 170) . Among the HIV-1 regulatory proteins, Tat, a small polypeptide of 86 to 102 amino acids (depending on the viral strain), is essential for virus gene expression and replication (10, 170) . In particular, Tat transactivates HIV-1 long terminal repeat-directed gene expression, increasing the expression of all HIV-1 transcripts (Fig. 2) (10, 62) . The transcriptional effect of Tat is mediated through its interaction with the Tat activation response element present in all the viral RNAs (72, 170) and occurs through increased rates of transcription, initiation, and elongation (24, 108) .
Tat-mediated transactivation requires both the cysteine-rich region of Tat (with seven cysteines in positions 22 to 37) and the highly basic region of Tat (two lysines and six arginines in positions 48 to 57) (Fig. 2) . The former mediates the formation of metal-linked dimers, which appear to be necessary for protein activity, and the latter is important for nuclear localization of Tat and nucleic acid binding (66) .
The 14 amino acids present in the C-terminal region of Tat are not necessary for the transactivation of HIV-1 gene expression (66) . However, among these residues is the arginine-glycine-aspartic acid (RGD) sequence (Fig. 2) that enables Tat to bind and signal through the same integrin receptors that recognize the RGD region of extracellular matrix molecules (16-18, 28, 54, 70, 121) .
During acute infection of T cells by HIV-1, Tat is released in the extracellular compartment (Fig. 2) in the absence of cell death or cell permeability changes, even if it lacks a secretory signal (38, 52, 53) . This occurs via a specific leaderless secretory pathway that is independent from the endoplasmic reticulum and the Golgi apparatus, as found for IL-1, bFGF, and acidic FGF (38, 77, 92, 150) . Tat is also released in vivo both in the tissues and in the blood of HIV-infected individuals (34, 193, 195) . Release of Tat occurs very early after infection, at the moment of maximal tat gene expression, and is undetectable when tat expression is low, such as in HIV-1 chronically infected cells or tat permanently expressing cell lines (38, 52, 53) . In addition, Tat release depends upon the presence of cytoplasmic localized protein. In fact, mutations in the Tat basic region which reduce the nuclear localization of the protein increase its cytoplasmic localization and release (53) .
After release, a fraction of extracellular Tat binds, through its basic residues, to the heparan sulfate proteoglycans present in the cell membrane and extracellular matrix (38) . Binding to heparan sulfate proteoglycans protects extracellular Tat from proteolytic degradation, as previously found for several growth factors (reviewed in reference 142). Consistent with its heparin-binding properties, Tat can be purified to homogeneity by heparin-affinity chromatography (38) . Of note, the addition of heparin blocks Tat-promoted transactivation of HIV-1 gene expression as well as the other functions of extracellular Tat since it traps the protein and blocks receptor binding and/or the uptake of the protein by the cells (38) . Extracellular Tat, in fact, can act both from the outside of cells and inside cells, exerting effects that depend upon its concentrations and on the target cell type (Fig. 2) . Experimental evidence indicates that the biological effects exerted by low (picomolar) concentrations of extracellular Tat are mediated through the interaction with cell surface receptors and by the engagement of specific signal transduction pathways (Fig. 2) . In particular, extracellular Tat has been shown to bind the ␣ 5 ␤ 1 and ␣ v ␤ 3 integrin receptors and VEGF receptor 2 (3, 16-18, 28, 101, 123, 171, 186, 189, 201) . By these interactions, picomolar concentrations of extracellular Tat have been shown to phosphorylate tyrosine kinases localized at cellular focal adhesion plaques. These include related adhesion focal tyrosine kinase, p130
cas , c-Jun amino-terminal kinase, Src kinase, and paxillin (70, 121, 123) . In particular, phosphorylation of the focal adhesion kinase 125 by extracellular Tat results in the generation of downstream intracellular signals such as the induction of phosphoinositide 3-kinase activity (120, 121, 123) . In contrast, the biological effects of high (nanomolar to micromolar) concentrations of extracellular Tat result mostly from the internalization of the protein followed by its nuclear localization and transcriptional effects on viral and/or cellular gene expression (Fig. 2) . Specifically, extracellular Tat can be taken up by a variety of cells in a concentration-and time-dependent fashion and rapidly localizes into the nucleus (53, 58, 65) . When taken up by HIV-infected cells, extracellular Tat transactivates long terminal repeat-directed HIV-1 gene expression, increasing HIV-1 production or rescuing Tat-defective HIVs (53, 65) . Consistent with these findings, anti-Tat antibodies can inhibit HIV-1 replication in infected cells (35, 173) .
Tat can also transactivate, in both infected and uninfected cells, the expression of cellular genes coding for cytokines, chemokines or their receptors, extracellular matrix molecules, and integrins (33, 106, 139, 144, 179, 191 (97, 196) .
Results from other studies indicated that Tat can also play a role in the tissue destruction often seen in AIDS patientseither directly, by exerting cytotoxic activities (101, 152) , or indirectly, through phagocyte recruitment (107) .
Micromolar concentrations of extracellular Tat inhibit T-cell proliferation driven by recall antigens (39, 178, 185) and induce apoptosis of T-cell lines (113, 140) . In contrast, picomolar concentrations of Tat promote the survival and the growth of the same cell types (143, (198) (199) (200) . The pleiotropic activities that Tat displays on cell survival and growth are likely mediated by Tat capability of modulating the expression and the activity of genes relevant for cell survival, including p53 (114), bcl-2 (200) , and the gene coding for CD95 ligand (193) .
One of the most striking properties of extracellular Tat is its capability of mimicking the effect of extracellular matrix proteins on the locomotion, adhesion, and growth of KSC and endothelial cells, thus enhancing angiogenesis and KS progression in HIV-infected patients (Fig. 2) .
EFFECTS OF TAT ON PRIMARY KSC CULTURES
Conditioned media from both tat-transfected and HIV-1 acutely infected cells contain extracellular, biologically active Tat. Consistent with the role of Tat in AIDS-KS pathogenesis, these conditioned media stimulate KSC growth in a manner that correlates directly with their Tat content (52, 53) . KSC growth induced by the Tat-containing media is specifically inhibited by anti-Tat antibodies (52, 53) . In addition, recombinant HIV-1 Tat protein stimulate KSC proliferation at levels comparable to those induced by KSC mitogens such as bFGF (52, 53) .
Tat promotes KSC growth at concentrations ranging from 0.05 to 50 ng/ml, whereas no growth stimulation is observed with Tat concentrations higher than 100 ng/ml (52, 53) . On the contrary, micromolar concentrations of extracellular Tat are required to transactivate HIV-1 or cellular gene expression (53, 65) . This indicates that Tat induces transactivation events and KSC growth through different pathways.
Picomolar concentrations of extracellular Tat also promote KSC directional migration (chemotaxis) and induce KSC to degrade and traverse the basement membrane (invasion) (2) . The latter effect of Tat is due to its ability to promote the expression and the activation of matrix metalloproteinase 2 (MMP-2) (17, 54), which plays a major role in both tumor invasion and angiogenesis (32, 162) .
The fact that extracellular Tat promotes KSC growth and locomotion may explain, at least in part, the high prevalence and aggressiveness of KS in HIV-1-infected individuals. This is sustained by in vivo findings indicating that Tat increases KSlike lesion formation induced by bFGF injection into mice (18, 54) and that the KSC growth rate increases in the presence of circulating Tat protein (138) .
However, other results indicate that Tat alone may not be sufficient for AIDS-KS induction. In fact, although tat-transgenic mice develop KS (42, 187) , injection of Tat protein alone promotes neither angiogenesis nor KS-like lesion formation in mice (18, 54) . This is consistent with the in vitro finding that Tat cannot induce the growth and locomotion of primary endothelial cells unless they are previously activated with inflammatory cytokines (2, 15, 52, 61).
ACTIVATION OF ENDOTHELIAL CELLS BY INFLAMMATORY CYTOKINES IS REQUIRED FOR Tat BIOLOGICAL EFFECTS
As mentioned above, inflammatory cytokines that are increased in patients with KS or at risk for KS induce endothelial cells to acquire the KSC phenotypic and functional features. Among these features is the responsiveness to the motogenic and mitogenic effects of extracellular Tat. Specifically, after activation by inflammatory cytokines, endothelial cells express MMP-2, invade the extracellular matrix, migrate, and proliferate in response to Tat (2, 15, 17, 18, 59, 61) . In this regard we speculated that the high levels of intracellular Tat expressed in tissues of tat-transgenic mice (42) ). This will increase inflammatory cytokine levels in tat-transgenic mice, thus rendering murine endothelial cells responsive to the angiogenic effects of extracellular Tat protein.
The main inflammatory cytokine that is required for endothelial cell response to Tat is IFN-␥, although TNF alpha (TNF-␣) and IL-1␤ contribute to these effects in a synergistic fashion (61) . This is consistent with IFN-␥'s capability of upregulating TNF receptor expression (135) and with the fact that TNF and IL-1 augment IFN-␥ receptor levels (103) .
Extracellular Tat also induces activated endothelial cells to differentiate and to organize into interconnecting tubular structures, the new capillaries (2). As it promotes endothelial cell locomotion, growth, and differentiation, extracellular Tat can be considered to be an angiogenic factor. Similarities between Tat and angiogenic factors include the following: (i) heparin-binding properties and presence as both soluble and extracellular bound forms (4, 38, 151) , (ii) phosphorylation of focal adhesion kinases and generation of phosphoinositide 3-kinase activity (3, 70, 120, 121, 123) , (iii) promotion of vascular cell growth (3, 15, 17, 18, 52-54, 59, 61, 123, 171) , (iv) promotion of vascular cell migration (2-4, 17, 18, 59, 61, 123) , (v) promotion of vascular cell invasion by inducing release of active metalloproteinases (2, 17, 18, 54, 61, 123) , (vi) promotion of endothelial cell differentiation on tridimensional matrices (2), and (vii) promotion of angiogenesis in vivo (chicken chorioallantoic membrane assay, nude mouse model) (3, 4, 18, 27, 54, 123) . However, differently from a true angiogenic molecule such as bFGF, Tat acts only on endothelial cells that are activated by inflammatory cytokines (2, 15-18, 54, 61) (Table  1) .
By inducing endothelial cell responsiveness to Tat, inflammatory cytokines are likely to play a major role in AIDS-KS induction and progression. In fact, the same inflammatory cytokines that induce endothelial cell responsiveness to Tat also activate HIV-1 replication, thus leading to further production of Tat, which then acts as a KS progression factor (15) . In addition, when Tat and inflammatory cytokines are present at the same time in the microenvironment, KSC growth is further enhanced (Fig. 1) (15) .
Thus, in order to exert its in vitro angiogenic effects, Tat requires the cooperation of IFN-␥, IL-1␤, and TNF-␣, whose levels are increased in blood and lesions of AIDS-KS patients or in individuals at risk for KS. These results suggest that the simultaneous presence of Tat and inflammatory cytokines may be responsible for the high frequency and aggressiveness of KS in HIV-1-infected individuals.
Concerning the forms of KS that are not associated with HIV infection, such as classic and posttransplant KS, inflammatory cytokines are sufficient to initiate KS, by inducing the synthesis of angiogenic growth factors, including bFGF and VEGF (18, 59, 60, (155) (156) (157) . After KS initiation, HHV-8 is likely to play a major role in KSC transformation and/or KS progression (46, 115, 172, (175) (176) (177) . Nevertheless, the absence of Tat could explain why classic and posttransplant KS have a milder clinical course than AIDS-KS.
Tat BINDS VASCULAR CELLS THROUGH MULTIPLE DOMAINS
The finding that Tat acts only on cytokine-activated endothelial cells suggests that its angiogenic effects are mediated by an inducible receptor. This hypothesis is supported by the finding that Tat promotes the adhesion of endothelial cells only when cells are activated by the same inflammatory cytokines that induce the responsiveness to the other effects of Tat (16) .
By promoting cellular adhesion, Tat mimics the effect of extracellular matrix molecules such as fibronectin or vitronectin. Similarities between Tat and extracellular matrix molecules include the following: (i) presence of an RGD sequence (16, 28) , (ii) presence of a heparin-binding domain (4, 17, 38, 151) , (iii) binding to integrin receptors (␣ v ␤ 3 , ␣ v ␤ 5 , and ␣ 5 ␤ 1 ) (16-18, 54, 61, 123, 171, 186, 201) , (iv) phosphorylation of the focal adhesion kinases (70, 120, 121, 123) , (v) promotion of cellular adhesion and modulation of cellular response to mitogens (16-18, 28, 54, 101, 123, 171) , (vi) promotion of cellular migration (2-5, 17, 18, 21, 61, 106, 107, 123) , (vii) induction of the synthesis of matrix metalloproteases (17, 54) , and (viii) modulation of the balance between the soluble and sequestered fraction of angiogenic molecules (17) . Consistent with these findings, the same inflammatory cytokines that induce endothelial cells to attach onto immobilized Tat also augment endothelial cell adhesion to fibronectin or vitronectin (16) .
Results from studies performed to identify the domain(s) mediating the cell adhesion effect of Tat indicate that, as for fibronectin or vitronectin, vascular cell attachment to Tat is mainly mediated by the RGD region (amino acids 84 to 86) of the protein (16, 28) (Table 2 and Fig. 1 ). The RGD region of b IC-EC show enhanced invasion and migration in response to bFGF compared to EC. This is probably due to a synergy between bFGF and inflammatory cytokines in the induction of metalloproteases (80) .
c The effect of bFGF on KSC invasion, migration, and growth is less evident than that exerted on EC. This is probably due to autocrine bFGF production by KSC (51, 54, 55) .
d Exogenous bFGF promotes IC-EC growth to a lesser extent than EC. This is in agreement with IL-1's capability of down-regulating the expression of highaffinity bFGF receptors in the endothelium (44 Fig. 3 ). In agreement with these results, Tat mutants in the basic or RGD sequence have a reduced capability of promoting endothelial cell adhesion (123) . Thus, both the basic and RGD sequences of Tat are involved in the adhesion effect of Tat. This is consistent with the finding that both Tat basic and RGD peptides mimic Tat's capability of phosphorylating the focal adhesion tyrosine kinases (70, 120, 121, 123) (Table 2) .
Data obtained with nonactivated endothelial cells indicated that the Tat RGD region binds cells with a low affinity, while the Tat cysteine-rich and basic regions bind cells with high affinity (123) . Therefore, the binding affinity of the different Tat domains may depend upon the endothelial cell activation state (2, 15, 59, 61) .
To identify the domains mediating the effects of Tat on KSC and endothelial cells, overlapping peptides spanning the Tat amino acid sequence have been tested for the ability to promoting the invasion, migration, and growth of cytokine-activated endothelial cells or KSC. Results indicated that multiple domains mediate these in vitro angiogenic effects of Tat. In particular, a pivotal role is played by both the basic and the RGD sequences of Tat, consistent with the finding that both these domains also mediate the effects of Tat on neurons, monocytes, and dendritic cells (21, 101, 152) . In addition, the Tat cysteine-rich region has also been found to possess angiogenic activities (27) .
Tat RGD SEQUENCE MEDIATES THE LOCOMOTION OF VASCULAR CELLS AND PROVIDES THE CELLS WITH THE ADHESION SIGNAL THEY REQUIRE IN ORDER TO PROLIFERATE
The ␣ v ␤ 3 and ␣ 5 ␤ 1 integrins play a major role in new blood vessel formation. In particular, ␣ 5 ␤ 1 modulates endothelial cell response to angiogenic growth factors (91) and endothelial cell migration toward fragments of extracellular matrix molecules (89, 202) . The ␣ v ␤ 3 integrin is required for in vivo angiogenesis (30, 31) , representing a survival system for neoforming vessels. In particular, the ␣ v ␤ 3 -mediated endothelial cell adhesion to extracellular matrix suppresses the activity of the p53 gene and of the p53-inducible cell cycle inhibitor p21
waf-1/cip-1 and increases bcl-2 levels, thus inhibiting cell apoptosis (174) . Triggering of ␣ v ␤ 3 also promotes endothelial cell migration (202) . In addition, ␣ v ␤ 3 binds MMP-2, facilitating the oriented cellular invasion (32) . Finally, ␣ v ␤ 3 participates in bFGF-promoted angiogenesis (30, 31) and is required for the full activation of VEGF receptor 2 triggered by VEGF-A (171). The fact that the RGD region of Tat can bind ␣ v ␤ 3 and ␣ 5 ␤ 1 suggests that these integrins mediate, at least in part, Tatinduced angiogenesis.
Our recent work, in fact, indicates that the binding of the Tat RGD region to ␣ 5 ␤ 1 and ␣ v ␤ 3 specifically triggers KSC and endothelial cell locomotion (Table 2 ). In particular, among various peptides spanning the Tat amino acid sequence, only the Tat RGD peptide induces KSC and endothelial cell chemotaxis (17) . This is consistent with the chemotactic activity of the RGD region of fibronectin and vitronectin (references 89 and 202 and data presented above). In fact, as found for fibronectin and vitronectin, anti-␣ 5 ␤ 1 and/or anti-␣ v ␤ 3 monoclo- nal antibodies specifically inhibit KSC or endothelial cell migration promoted by Tat or the Tat RGD peptide (17) . Peptides spanning Tat basic residues do not induce a significant endothelial cell migration (17) . This is different from what was observed in monocytes, whose migration is promoted by both the RGD and the basic Tat peptide (21) . This discrepancy may be explained by the finding that Tat-promoted monocyte migration is mediated by the binding of Tat basic residues to the VEGF receptor 1 (122), a receptor mediating VEGFinduced cell migration (131) . In contrast, Tat basic residues are not capable of binding and activating VEGF receptor 1 in endothelial cells (3) . Nevertheless, Tat mutants in the basic region show a reduced capability of promoting endothelial cell migration, thus suggesting that also the basic sequence participates in the chemotactic effect of Tat (123) . This may be due to the heparin-binding properties of the Tat basic region (38) , which facilitates Tat binding to the integrins, as found for the Tat adhesion effect (16) (Fig. 3 and Table 2 ) and for cellular migration promoted by extracellular matrix molecules (reference 202 and data presented above). However, it is also possible that the mutated Tat protein utilized by Mitola et al. (123) could present an altered conformation and spatial configuration of the Tat RGD domain.
Anti-␣ 5 ␤ 1 and anti-␣ v ␤ 3 antibodies also inhibit Tat-induced vascular cell invasion (17) . This is consistent with the Tat RGD region's capability of activating MMP-2 expression at levels comparable to those observed with full-length Tat (17, 54) . In fact, the triggering of ␣ 5 ␤ 1 or ␣ v ␤ 3 by the RGD sequence of fibronectin or vitronectin activates MMP-2 gene expression (32, 162) . These results are also supported by the finding that the Tat RGD region induces the expression of focal adhesion kinase 125, which is activated by integrin triggering and has a major role in cellular locomotion (107, 121) .
It is well established that a specific growth factor can act only on cells expressing specific integrins (75) . The interactions between growth factors and integrins play a key role in the control of cellular functions. In fact, integrin-induced signaling pathways are also activated by growth factor binding to their receptors (75) . Consistent with these findings, the binding of the Tat RGD domain to ␣ 5 ␤ 1 and ␣ v ␤ 3 is also involved in the vascular cell growth induced by this viral protein. In fact, mutations of the Tat RGD region impair Tat's capability of promoting endothelial cell proliferation (123) . In particular, endothelial cells show an increased proliferative response to bFGF when they are seeded onto immobilized Tat protein (17, 54) . This phenomenon, which was previously observed for fi- FIG. 3 . KSC adhesion to Tat is mediated by the RGD region of the protein, whereas Tat basic sequence facilitates this interaction. KSC were suspended by trypsinization and preincubated for 90 min at 4°C with rotation and with one of the following competitor peptides (at 10 g/ml): (6-14)Tat, a peptide spanning the Tat N-terminal region; (46-60)Tat, a peptide spanning the Tat basic region; or (72-86)Tat, a peptide spanning the Tat C-terminal region and containing the RGD sequence (all from American Biotechnologies Inc.). After incubation, KSC were seeded on plastic plates (Flow Laboratories) coated with recombinant Tat protein (30 g/cm 2 ) and incubated for 1 h at 37°C in a CO 2 atmosphere. Nonadherent cells were removed by washing the plates with phosphate-buffered saline solution, whereas adherent cells were fixed, stained, and quantitated as previously described (16, 28) . The number of adherent cells is expressed as the fold increase in KSC attachment compared to the adhesion seen with of bovine serum albumin (30 g/cm 2 ). This did not induce KSC attachment and was given a unitary value.
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bronectin or vitronectin (30, 91) , suggests that the binding of the Tat RGD sequence to the integrins provides endothelial cells with the adhesion signal they require in order to grow. This is also supported by Tat's capability of promoting KSC expression of the same mitogen-activated protein kinases induced by integrin triggering (70) . Consistent with these data, we have recently shown that ␣ 5 ␤ 1 and ␣ v ␤ 3 antagonists, such as monoclonal antibodies directed against these receptors or cyclic RGD peptides, specifically inhibit FGF-induced proliferation of endothelial cells seeded onto immobilized Tat (17) .
Altogether these results demonstrate that Tat enhances angiogenesis and KS development by a molecular mimicry of extracellular matrix molecules. This is supported by the recent finding that transgenic mice expressing an RGD deletion mutant of Tat develop a milder form of KS than transgenic mice carrying wild-type Tat (138) .
However, cell adhesion is not sufficient to induce endothelial cell proliferation that also requires soluble angiogenic factors (30, 31, 78, 91) .
Tat BASIC REGION RETRIEVES SEQUESTERED, EXTRACELLULAR-BOUND bFGF INTO A SOLUBLE FORM AND INDUCES VEGF RECEPTOR 2 PHOSPHORYLATION
Peptides encompassing the Tat basic sequence induce the growth of both KSC and cytokine-activated endothelial cells (17) . In agreement with this finding, Tat proteins with mutations in the basic sequence show a reduced capability of promoting endothelial cell growth (123) .
The highly basic charge of Tat residues 48 to 57 has previously suggested that binding of Tat to the cell surface may be the result of nonspecific ionic interactions (28) . In fact, Tat basic residues can bind several different molecules expressed on the membrane of several cell types (3, 4, 17, 21, 38, 122, 123, 125, 127, 151, 152, 171, 186, 189, 193) . For endothelial cells, these are ␣ v ␤ 5 , an integrin that recognizes the vitronectin basic sequence (186); cell membrane-or extracellular matrix-associated heparan sulfate proteoglycans (4, 17, 38, 151) ; VEGF receptor 2 (3, 70, 123, 125, 127, 171) ; and VEGF receptor 1 (122) .
The interaction between the Tat basic region and ␣ v ␤ 5 is unlikely to play a significant role in AIDS-KS pathogenesis, since anti-␣ v ␤ 5 antibodies do not inhibit Tat angiogenic effects (17, 186) .
In contrast, the binding of Tat to heparin and heparan sulfate proteoglycans has profound effects on Tat-promoted angiogenesis. In particular, the interaction between Tat and proteoglycans on one hand facilitates the binding of the Tat RGD region to the integrins (Fig. 3 and Table 2 ; see also data presented under "Tat Binds Vascular Cells through Multiple Domains") and on the other hand enables Tat to compete with bFGF for the same heparin-binding sites and to release bound bFGF in a soluble form. In fact, similarly to Tat, bFGF binds to heparan sulfate proteoglycans of the cell surface and extracellular matrix, remaining soluble only in fraction (13, 63, 155) . Both soluble and extracellularly bound bFGFs are biologically active (13, 63) . However, the bound bFGF fraction represents a localized storage of the growth factor, protected from proteolytic degradation and solubilized only under emergency conditions such as wound repair (13, 63) . Sequestered, extracellularly bound bFGF can be retrieved into a soluble form by heparin or Tat or the Tat basic peptide (13, 17, 38, 63, 155) . This may explain why the combination of Tat and heparin exerts angiogenic effects in vivo (4) .
By displacing preformed extracellularly bound bFGF through a competitive effect for heparin-binding sites of the cell surface and extracellular matrix (17) , Tat basic peptide increases soluble bFGF to amounts that promote KSC and endothelial cell growth (17) . Neutralizing anti-bFGF antibodies or specific antisense oligomers that inhibit bFGF synthesis and release (55) block Tat-promoted KSC or endothelial cell growth (17) . Thus, bFGF triggers the mitogenic effect of Tat on vascular cell types.
Tat basic sequence can also bind VEGF receptor 2, as already observed for the binding of the basic sequence of VEGF-A to VEGF receptor 2 (99) . Although Tat has the RKK (66) and not the RKH sequence that is required by VEGF-A in order to bind VEGF receptor 2 (99), Tat can stimulate VEGF receptor 2 phosphorylation in both endothelial cells (3, 123, 171) and KSC (70) . In addition, Tat binding to VEGF receptor 2 leads to the activation of the same signal transduction pathways which are triggered by VEGF-A binding to VEGF receptor 2 (70, 123) . Tat basic peptides can mimic VEGF receptor 2 activation exerted by the full-length Tat protein (123) . However, Tat proteins with mutations in the basic region are still capable of activating signal transduction pathways triggered by VEGF receptor 2 phosphorylation and capable of promoting endothelial cell proliferation (123) . This may be due to the Tat RGD region, which provides the adhesion signal required for cellular growth (see "Tat RGD Sequence Mediates the Locomotion of Vascular Cells. . ." above). In fact, most of the signaling pathways activated by Tat or VEGF-A binding to VEGF receptor 2 are the same as those induced by vitronectin, fibronectin, or Tat binding to ␣ v ␤ 3 or ␣ 5 ␤ 1 (40, 70, 82, 120, 121) .
Concerning Tat interaction with VEGF receptor 1, Tat binds this receptor on monocytes (122) but not on endothelial cells (3) . Although these data are somewhat odd since VEGF receptor 1 is the same in the two cell types, they indicate that Tat behaves differently from VEGF-A, which binds both VEGF receptor 1 and VEGF receptor 2 in endothelial cells (131) . While the triggering of VEGF receptor 2 by VEGF-A promotes both endothelial cell proliferation and migration, VEGF-A binding to VEGF receptor 1 induces only endothelial cell migration (131) . This is because VEGF receptor 1 does not activate mitogen-activated protein kinases (131) . Thus, the VEGF receptor 2 tyrosine kinase receptor is the main mediator of VEGF-A angiogenic activity. Nevertheless, a VEGF dimer can bind and link together either two VEGF receptors 2 or VEGF receptor 1 and VEGF receptor 2. Like the VEGF receptor 2 homodimers, the VEGF receptor 1-VEGF receptor 2 heterodimers also undergo autophosphorylation following VEGF-A binding, and this can mediate VEGF-A angiogenic effects (131) . The finding that Tat does not bind VEGF receptor 1 on endothelial cells may contribute to explaining why Tat and VEGF-A have different effects on endothelial cells. A first important difference between Tat and VEGF is that VEGF-A induces the growth and locomotion of endothelial cells, which 318 BARILLARI AND ENSOLI CLIN. MICROBIOL. REV.
constitutively express VEGF receptor 1 and VEGF receptor 2 (131), whereas Tat cannot, unless cells are preactivated by inflammatory cytokines (2, 15, 59, 61) . In this regard, it should be noted that bFGF but not VEGF is synthesized and released by endothelial cells activated by inflammatory cytokines that induce their responsiveness to Tat (155) (156) (157) . These in vitro data are also consistent with the in vivo finding that, differently from VEGF-A, injection of purified Tat protein alone does not trigger angiogenesis in mice (18, 54) , despite the expression of VEGF receptor 1 and VEGF receptor 2 in mouse tissues (49, 180) . Another difference is that Tat promotes KSC growth, while exogenous VEGF-A has no growth effects on these cells (157) . Moreover, Tat does not synergize with VEGF in promoting endothelial cell proliferation (18) . In contrast, Tat enhances the mitogenic effect of bFGF on endothelial cells, consistent with its capability of maintaining exogenously added bFGF into a soluble form (17, 18, 54 ). An intriguing possible explanation for the lack of synergy between Tat and VEGF-A is that Tat could bridge its cysteinerich region with that of one VEGF monomer, forming VEGFTat heterodimers. This phenomenon, which was previously described for the placenta growth factor, may reduce the availability of active VEGF molecules, since VEGF heterodimers cannot signal as well as VEGF homodimers (132) . Alternatively, Tat may behave as platelet factor 4, which, because of its heparin-binding property, compromises the interactions between VEGF and heparan sulfate proteoglycans, thus inhibiting VEGF binding to VEGF receptor 2 (74) . Another possible explanation for the lack of synergy of Tat and VEGF is the competition of Tat for vitronectin binding to ␣ v ␤ 3 (16) , which is required for a full VEGF receptor 2 activation (171) .
Indeed, other results suggest that Tat binding to VEGF receptor 2 may even inhibit some VEGF-A biological effects. In particular, VEGF blocks Tat-induced endothelial cell migration (3), consistent with the finding that VEGF can inhibit Tat binding to both endothelial cells and monocytes (3, 122) . However, in KS lesions VEGF amounts are much greater than those of Tat (54, 157) making it difficult for VEGF receptor 2 competition by Tat and VEGF to occur in vivo.
THE CYSTEINE-RICH REGION OF Tat IS ANGIOGENIC IN VIVO
Boykins and coworkers have recently shown that peptides spanning the cysteine-rich domain of Tat promote angiogenesis in the chicken chorioallantoic membrane assay (27) . This is the first report indicating that a cysteine-rich peptide can exert direct angiogenic effects.
The cysteine residues mediate the formation of Tat dimers, which are required for the transactivating property of this protein (66) . Sequences rich in cysteines similar to that of Tat are also present in angiogenic molecules such as VEGF, placenta growth factor, and platelet-derived growth factor. These sequences mediate growth factor dimerization, which is required for receptor binding (181) . At present little is known about the mechanisms explaining the angiogenic effect of the Tat cysteine-rich peptide. Although it has been shown that the cysteine-rich domain of Tat can bind endothelial cell membrane with high affinity (see "Tat Binds Vascular Cells through Multiple Domains" above), mutations in the cysteine-rich region do not affect Tat's capability of binding endothelial cells and of promoting their adhesion (123) . Recent studies indicate that mutations in the cysteine-rich region reduce Tat's capability of inducing endothelial cell migration (123) , although peptides spanning the Tat cysteine-rich region promote monocyte but not endothelial cell migration (5) . Furthermore, Tat proteins with mutations in the cysteine-rich region show a decreased capability of promoting endothelial cell growth in vitro and angiogenesis in vivo (123) , and they fail to transduce in endothelial cells the intracellular signals normally triggered by wild-type Tat, such as the induction of phosphoinositide 3-kinase activity (123) . These results suggest that Tat dimerization caused by the bridging of cysteine residues from two Tat monomers may be essential for Tat binding to a receptor mediating the mitogenic and motogenic effects of Tat. However, the findings that Tat basic peptides directly promote endothelial cell growth and that Tat RGD peptides directly induce endothelial cell migration argue against this hypothesis.
Tat REQUIRES ADDITIONAL FACTORS TO EXERT ANGIOGENIC EFFECTS IN VIVO
As described above under "Activation of Endothelial Cells by Inflammatory Cytokines Is Required for Tat Biological Effects," primary endothelial cells need to be activated by inflammatory cytokines in order to respond to Tat motogenic and mitogenic effects. The requirement of other factors for Tat angiogenic effects is observed also in vivo. In fact, although tat-transgenic mice develop dermal lesions closely resembling human KS (42, 187) , injection of recombinant purified and biologically active Tat protein in nude mice has no effects (18, 54) (Fig. 4) . In contrast, when Tat is injected in combination with suboptimal (non-lesion-forming) amounts of bFGF it promotes the development of angioproliferative, KS-like lesions in nude mice (18, 54) (Fig. 4) . The angiogenic effect of Tat and bFGF is reproduced by the injection of Tat and combined IL-1␤, TNF-␣, and IFN-␥, which are the same cytokines that induce endothelial cell responsiveness to Tat in vitro (18) (Fig. 4) .
Concentrations of IL-1␤, TNF-␣, and IFN-␥ exerting angiogenic synergy with Tat in vivo induce both bFGF and VEGF expression in mouse tissues (18) . These two angiogenic molecules are highly expressed in primary KS lesions, where they synergize in promoting angiogenesis and vascular permeability (43, 51, 54, 55, (155) (156) (157) 197) . These findings suggested that both bFGF and VEGF represent the triggering signal of Tatinduced angiogenesis. However, as discussed above, differently from bFGF, VEGF does not synergize with Tat in promoting in vivo angiogenesis (18) (Fig. 4) . Consistent with these in vivo results, and as found for inflammatory cytokines (see "Tat Binds Vascular Cells through Multiple Domains" above), exposure to bFGF induces endothelial cells to adhere to Tat, while VEGF has no effects (18) . interactions between endothelial cells and extracellular matrix molecules (64) . In particular, previous studies indicated that bFGF promotes angiogenesis by inducing the ␣ 5 ␤ 1 and ␣ v ␤ 3 integrins (30, 67, 100) , which bind the RGD region of fibronectin, vitronectin (90) , and Tat (16) (17) (18) . In contrast, VEGFinduced angiogenesis requires the engagement of ␣ v ␤ 5 (67) , an integrin that binds the basic residues of both vitronectin and Tat (186). As mentioned above under "Tat RGD Sequence Mediates the Locomotion of Vascular Cells. . ." and "Tat Basic Region Retrieves Sequestered, Extracellularly Bound bFGF," the interaction between the Tat RGD region and ␣ 5 ␤ 1 or ␣ v ␤ 3 results in events that lead to new blood vessel formation, whereas Tat binding to ␣ v ␤ 5 is not involved in Tat angiogenic effects (Table 2 ). In agreement with these findings, immunohistochemical stainings of tissues from mice injected with inflammatory cytokines, bFGF, or VEGF indicate that the in vivo angiogenic effect of Tat correlates with expressions of ␤ 3 and, to a lesser extent, ␤ 1 , which are induced by inflammatory cytokines or bFGF, but not with ␤ 5 expression, which is promoted by VEGF (18) (Fig. 4) . In addition, Tat's capability of increasing the soluble fraction of bFGF further upregulates the expression of the ␣ v ␤ 3 and ␣ 5 ␤ 1 integrins, which in turn mediate Tat-promoted endothelial cell invasion, migration, and adhesion (18) . Thus, inflammatory cytokines, through bFGF induction, or exogenous bFGFs synergize with Tat in promoting neoangiogenesis, because they upregulate the expression of ␣ 5 ␤ 1 and ␣ v ␤ 3 integrins, which function as the receptors for Tat (16) . These results explain why Tat requires bFGF, or those cytokines that induce bFGF production and release, to exert its activities. On the contrary, VEGF-A and Tat do not synergize in vivo (18) (Fig. 4) , either because VEGF promotes the expression of ␣ v ␤ 5 , which does not mediate the angiogenic effects of Tat (17, 188) , or because VEGF-A and Tat share (and compete for) the same receptor (3, 123) . Consistent with these in vivo data, exposure to bFGF induces endothelial cells to migrate and proliferate in response to Tat, while VEGF has no effect (18) . Thus, Tat interaction with ␣ v ␤ 3 and, to a lesser extent, ␣ 5 ␤ 1 has a major role in the angiogenic, KS-promoting effect of this viral protein.
Tat ANGIOGENIC EFFECTS CORRELATE WITH
The inhibition of the interaction between the Tat RGD region and the integrins has been shown to inhibit Tat binding to the cell surface and Tat angiogenic effects (16-18, 21, 28, 54, 70, 120, 121, 123) . Similarly, the angiogenic effects of VEGF-A and bFGF are blocked by ␣ v ␤ 3 antagonists, although these molecules do not inhibit VEGF-A or bFGF binding to endothelial cells (17, 30, 31, 123, 171) . In particular, ␣ v ␤ 3 has been recently shown to participate in the full activation of VEGF receptor 2 triggered by VEGF-A. In fact, ␣ v ␤ 3 -mediated adhesion to vitronectin enhances in endothelial cells the phosphorylation of VEGF receptor 2 and the proliferative response to VEGF (171) . This is because VEGF receptor 2 triggering by VEGF-A induces the formation of a VEGF receptor 2/␤ 3 complex (171). (18, 54) . Eight to twelve mice were inoculated per experimental condition. Results from staining experiments performed with rabbit polyclonal antibodies by the peroxidase-antiperoxidase method (18, 54) on frozen tissues from nude mice injected with the above-mentioned cytokines are expressed as ␤ 3 or ␤ 5 expression level increases over the expression of these integrins in tissues from mice injected with protein resuspension buffer (phosphate-buffered saline solution-0.1% bovine serum albumin) (18) .
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Thus, antagonists of RGD-binding integrins, previously shown to inhibit angiogenesis in several in vitro and in vivo models (30, 31, 79) , could be useful in blocking Tat, bFGF, and VEGF angiogenic effects that lead to KS development and progression. In agreement with this hypothesis, integrin antagonists such as cyclic RGD peptides (79, 83) specifically block the development of angioproliferative, KS-like lesions induced in nude mice by the injection of combined Tat and bFGF (18) .
CONCLUSIONS
The angiogenic properties of extracellular Tat have linked this HIV-1 protein to AIDS-KS pathogenesis. However, in order to exert its angiogenic effects, Tat requires the cooperation of inflammatory cytokines, including IL-1␤, TNF-␣, and IFN-␥, whose levels are increased in the blood and tissues of individuals at risk for KS or in AIDS-KS patients (2, 15-18, 59-61, 166) . These cytokines augment (in KSC) or induce (in endothelial cells) the synthesis and release of bFGF, an angiogenic molecule highly expressed in primary KS lesions (54, 55, 155, 157, 197) . Indeed, Tat enhances bFGF's capability of promoting angiogenesis both in vitro and in vivo (17, 18, 54) . This is because, by competing for heparin-binding sites, the highly basic residues of Tat retrieve extracellularly bound bFGF into a soluble form which promotes endothelial cell growth and upregulates the expression of ␣ 5 ␤ 1 and ␣ v ␤ 3 (17, 18) . These integrins, in turn, bind the Tat RGD region and, by this interaction, mediate Tat-promoted locomotion of KSC and activated endothelial cells and provide these vascular cell types with the adhesion signal they require in order to grow in response to bFGF (16, 17, 54) . These effects of the Tat RGD region are consistent with the role of the RGD region of extracellular matrix molecules in angiogenesis (30, 31, 79, 89) .
The same inflammatory cytokines that cooperate with Tat in promoting angiogenesis and KS progression also increase KSC production of VEGF-A, another angiogenic factor expressed in KS lesions (18, 43, 157) . It is noteworthy that Tat binds and phosphorylates VEGF receptor 2, the receptor that mediates most of VEGF-A's angiogenic effects (3, 70, 123, 127) . The fact that Tat and VEGF-A share the same receptor may explain why, as opposed to what occurs with Tat and bFGF, Tat does not enhance VEGF angiogenic effects either in vitro or in vivo (18) . However, in AIDS-KS lesions VEGF concentrations are much higher than those of Tat (43, 54, 155, 157, 190) , making unlikely an inhibitory or activating effect of Tat on VEGF receptor 2 in vivo.
In conclusion, although some discrepancies due to differences in the experimental systems employed exist, results from several groups point out HIV-1 Tat as a key progression factor of KS since it enhances all the biological steps of angiogenesis and KS progression.
Elevated levels of bFGF, VEGF, and inflammatory cytokines are detectable in AIDS-KS lesions, where extracellular Tat costains with ␣ 5 ␤ 1 and ␣ v ␤ 3 in both KSC and endothelial cells (54) . This suggests that the mechanisms of Tat action described here operate in vivo and that Tat acts as a progression factor for AIDS-KS, which is the most aggressive form of the disease. In fact, different from what is seen with HHV-8, inflammatory cytokines, and angiogenic factors that are present in all forms of KS, Tat is present only in AIDS-KS.
Thus, KS is a multifactorial disease, and the combined action of HHV-8 latency genes, deregulated cellular proto-oncogenes, and Tat may favor the transformation of KS into a true tumor, particularly in immunocompromised individuals.
The data described herein suggest new intervention strategies for AIDS-KS based on the use of Tat and integrin competitors, combined with anti-inflammatory and antiangiogenic drugs, but also suggest novel immunotherapeutic strategies, such as the development of a Tat-based vaccine. This vaccine has recently been shown to contain virus replication and to block the onset of AIDS in vaccinated monkeys upon challenge with a pathogenic virus (34, 35) . Since no anti-Tat antibody responses are found in AIDS-KS patients, unlike what has been found in our observations of HIV-infected individuals without KS (our unpublished data), it is likely that a vaccine based on Tat may be a key to reducing KS incidence and progression in HIV-1-infected individuals. To this end, studies comparing the Tat immune responses (both humoral and cellular) in AIDS-KS patients with those in other HIV-infected individuals are in progress.
